Age associated thymic atrophy has been shown to be linked to problems with rearrangement of the 13 chain of the T cell receptor (TCR) in male mice during the early phases of the intrathymic T cell developmental pathway. In this study, thymic atrophy in female mice was found to occur at a different rate than in male mice. At 9 months of age there was a significantly greater number of cells in the thymus of female mice compared with male mice, with the major difference found in the CD4/CD8 / populations. The thymii of female mice at 9 months of age contained double the number of these cells compared with male mice. Analysis of the CD4+CD8 / cells at 9 months of age demonstrated increased numbers of cells expressing higher levels of CD3 in females compared with males indicating that in females more of these cells were producing successful tI3TCR pairings. In F5 transgenic mice comparison of the CD4+C, D8 + population revealed no significant difference in their absolute numbers at 9 months of age. These results indicate that the gender differences at this time point were due to fewer permitted divisions prior to the expression of a selectable TCR c chain within the CD4/CD8 + populations in male compared with female mice. This gender difference was not due to the action of testosterone and unlikely to be due to differences in the level of oestrogen. The potential mechanisms of this difference may be related to a regulatory feedback of peripheral T cells on the developing thymocyte populations. Such age related changes in the numbers of cells within distinct thymic subpopulations leads to the possibility that the potential repertoire in females is greater than in males later in life.
INTRODUCTION
Age related alteration in the function of the immune system has been recognised in many species. The clinical presentations of such immune dysfunction are an age-related increased susceptibility to certain infections, an increased incidence of autoimmune disease, and certain cancers (Government Actuary's Department 1992, Office of National Statistics 1997 , Gardner, 1980 . Laboratory investigations reveal a reduced ability of the cells from older individuals, compared with younger individuals, to perform in functional in vitro assays (Flurkey et al., 1992; Bloom and Horvath, 1994) . Furthermore, analysis of certain autoimmune diseases according to gender shows that more women than men are affected (Whitacre et al., 1999) .
Such alterations in immune function may reflect changes in the peripheral T cell pool. Since there are no age-related changes either in the quantity of peripheral lymphocytes or in the number of CD4 + or CD8 + T lymphocytes (Hulstaert et al., 1994; Hannet et al., 1992) any difference must be related to the composition of these populations. This composition is affected by the thymic output since the rate at which the thymus produces T cells contributing to the peripheral T cell pool, declines with age (Mackall et al., 1995; Mackall and Gress, 1997) .
The earliest precursors of the T cell pathway in the adult thymus are CD3-CD41CD8- (Wu et al., 1991 (Godfrey et al., 1993; Godfrey et al., 1994) . A productive receptor at this stage allows the cell to be positively selected and the resulting population is CD44-CD25-CD3-CD4-CD8-and differenti- (Jameson et al., 1995) . The affinity of the interaction between the TCR and the selecting ligand determines the fate of the cell. Positive selection leads to down regulation of the RAG genes (Brandle et al., 1992) (Alam et al., 1996) . These CD4+CD8 or CD4-CD8 / cells are found in the medulla, have higher levels of expression of the TCR than their precursors, and many are cycling before they exit to the peripheral T cell pool (Penit and Vasseur, 1997) . Thymic involution has been studied recently in male mice and shown to be due to problems with rearrangement of the TCR-[3 chain genes affecting the production of thymocytes (Aspinall, 1997) . Differences in the rate of human thymic involution between males and females has been described previously (Smith and Ossa Gomez, 1981; Simpson et al., 1975) although these descriptions have been contested (Steinmann, 1986 ). Here we report that thymic atrophy in normal C57BL/10 mice occurs earlier in males than in females resulting from a reduction in the number of CD4+CD8 + thymocytes prior to positive selection most significantly at 9 months of age. Female F5 transgenic mice, whose transgene is a complete TCRot[3 specific for influenza nucleoprotein in the context of MHC D b inserted into a CD2 minigene cassette (Mamalaki et al., 1993) , as in male F5 transgenic mice, show no significant age related thymic atrophy. The difference seen at 9 months of age between normal male and female mice was not seen between male and female F5 transgenic mice.
MATERIALS AND METHODS

Animals
Normal C57BL/10 mice were obtained from Harlan Olac (Oxfordshire, UK) and either placed in brother sister pairs to produce progeny, or maintained until used. F5 transgenic animals were obtained in the first instance from Dr D. Kioussis (National Institute of Medical Research, Mill Hill) , and colonies of aging mice were derived by the brother sister mating of these original animals in positive pressure isolators in the animal house at ICSTM at Chafing Cross.
Derivation and Analysis of Tissue
Mice were killed by CO 2 asphyxiation. Thymuses were dissected cleanly out and thymocyte suspensions prepared as described previously (Aspinall, 1997 After 9 months of age there is a rapid decline in all subpopulations at 12 months and at 18 months of age with no significant difference seen in the numbers of cells in each subpopulation between 12 and 18 months of age (P was always greater than 0.05).
Comparison of the numbers of thymocytes in male and female mouse thymuses
The decline in the numbers of cells within each thymic subset with age is similar in male and female mice such that at 6.5 months of age there is no significant difference in the total numbers within these thymic subsets (P>0.05). However analysis revealed that the rapid decline in total thymocyte cell number by 9 months of age, which is a characteristic in males was not present in females (Figure 2 ). At 9 months of age, and at no other time point, there is a significant difference in the total number of cells in the thymii of male and female mice (P<0.01).
RESULTS
Age related changes in the female thymocyte subpopulations Figure 1 shows the changes in the female thymic subpopulations with age. The most striking feature of changes in these thymic subsets is the high cell number in each subpopulation seen at 9 months of age. These changes are unlikely to be due to small sample sizes since at 6.5 months n=6 and at 9 months n=7. Comparison of all of the thymocyte subpopulations at 3 and 9 months of age shows no significant difference (P>0.05 for the CD4-CD8-, CD4+CD8/, Age changes in the female F5 transgenic mice Analysis of the changes in number within the populations defined by their expression of CD4 and CD8 over the lifespan of the transgenic F5 female mouse is shown in Figure 4 . As with the male F5 transgenic mouse there is none of the atrophy in the thymus seen with aging. Comparison of total cell number and number within the thymic subsets CD4-CD8-, CD4/CD8+, CD4-CD8 / at one time point with the same population at every other time point (ie at 3 months compared with 6.5, 9, 12 and 18 months, and at 6.5 months of age with those present at 9, 12 and 18 months, and at 9 months compared with 12 and 18 months, and at 12 months with 18 months of age) showed no significant difference (P was always greater than 0.05). Comparison of the numbers of cells in the major thymic subpopulations (CD4-CD8-, CD4/CD8+, CD4-CD8/) at 9 months of age for male and female transgenics are shown in Table I . In contrast to normal male and females at 9 months of age, there is no significant difference in numbers of CD4/CD8 / thymocytes. Figure 6 . Analysis of the CD4/CD8 + population for expression of CD3 in normal male and female mice at 3 months of age is shown in this figure. The results reveal that anti-CD3 antibodies stain the gated CD4/CD8 / population producing a profile similar for both sexes at this age.
DISCUSSION
This study clearly demonstrates gender-related difference in the rate at which the thymus atrophies with age. Thymic decline appears to be similar initially in both male and female mice but around 9 months of age there was a significantly higher number of cells in the female compared with the male thymus. It is unlikely that this could be accounted for by a single event in the maintenance of the animals since at this Number (xlO) FIGURE 3 Analysis of thymocyte numbers at 9 months of age shows (i) similar numbers within all 4 TN populations defined by their expression of CD44 and CD25 and (ii) a significant increase (P<0.01) in the number of CD4/CD8 cells in female (unfilled bars) mice when compared to males (filled bars). Increased numbers of CD4 and CD8 cells were noted in the female thymus at this time point (n=4) time point animals were analysed in separate batches at time intervals which were months apart.
Previous work considered that the decline in the cellularity within the male thymus follows the principles of a single hit model (Aspinall, 1997 / TN populations at 9 months of age demonstrates that the factors affecting the production or survival of these cells are the same in both sexes. There were significant differences in the CD44-CD25-TN population with almost double the number of these cells in males than females. The progeny of these cells are the CD4+CD8 / population and at 9 months of age there were significant differences in the number of these in females compared with males. These increased numbers in females produced from precursors whose numbers were less than the numbers of the same phenotypic population in males, indicates that there must be more permitted divisions within the CD4/CD8 + population in females compared with males.
A critical decision point within the CD4/CD8+pop ulation is positive selection on the basis of the [3TCR pairing achieved (Jameson et al., 1995) . This is critical because it impacts upon the diversity of the potential repertoire to be generated. Because of this it was important to determine whether the gender differences in CD4+CD8 + cell numbers represent differences prior to positive selection or after positive selection. The data from normal animals showing more CD4/CD8 / cells with higher expression of CD3 at 9 months of age in females compared with males are not conclusive on this issue. However the results from the transgenic F5 mice are conclusive and indicate that the differences seen in the normal mice must be due to greater division before positive selection.
Intrathymic T cell differentiation in the F5 mice is normal, proceeding through the same developmental stages as non-transgenic mice. F5 mice show the same changes in the levels of TCR expressed at different stages of thymocyte development, with increased expression correlating with maturity of the thymic subpopulation. In addition the thymocytes in F5 mice show positive selection in C57BL/10 mice and negative selection in animals expressing Class II MHC IE molecules and the endogenous Mtv ligand (Mamalaki et al., 1993) .
The F5 data indicates that the difference seen in normal animals is not due to clonal expansion after production of a functional ct[3TCR, since this would result in an increased number of CD4+CD8 / cells in F5 females compared with males, a result which was not observed. The differences must be due to gender related differences in the number of permitted divisions prior to positive selection at 9 months of age.
Any proposal that gender differences in the CD4+CD8/population represent differences in the transit time through these subpopulations would also be difficult to sustain in view of the result from the transgenic mice.
The rate of thymic atrophy between males and females appears to be similar between the ages of 3 and 6 months but differences arise at 9 months of age when thymic size is greater in females than in males. This movement of the female thymus away from the trend of decline seen in the male may be the result of some stimulatory effect in the female or some inhibitory effect in the male. Explanations of these gender differences include both hormonal causes and immune related mechanisms. For a hormonal related mechanism, testosterone would seem to provide a solution to the difference since it is known to induce apoptosis in CD4+CD8 / cells (Olsen et al., 1998) . Furthermore reduction in testosterone levels by orchidectomy leads to a reversal of age related thymic atrophy and an increase in thymic subpopulations, which could be inhibited by testosterone in a dose dependant fashion (Greenstein et al., 1986) . But the lack of any significant difference in the numbers of cells between male and female F5 transgenic mice makes this hypothesis difficult to sustain. The hypoth- (Rijhsinghani et al., 1997) . The idea that a rapid age related reduction in the levels of oestrogen produced less inhibition allowing more permitted divisions at 9 months of age in female CD4/CD8 + cells rather than males seems unlikely following previous studies showing that oophorectomy does not enhance T cell development (Rijhsinghani et al., 1996) . A potential mechanism to account for the gender related differences relates to a regulatory feedback pathway in the thymus. Previous reports suggested that there was negative feedback control over the total production of lymphocytes by the thymus acting at the CD4+CD8 / stage of the pathway (Mehr et al., 1996) . The mechanism involves the effect of mature CD4 + T cells acting on these stages through the cytokines they produce (Mehr et al., 1997 (Piccinni et al., 1995; Dalai et al., 1997; Whitacre et al., 1999) . Since recirculation from the periphery back to the thymus is restricted to activated T cells (Surh et al., 1993; Agus et al., 1991) , the cells entering the thymus at 9 months of age will be secreting cytokines which in turn may alter the maturation kinetics of the CD4+CD8 / population. However this effect is not permanent since in normal mice the differences do not exist after 9 months of age. An alternative explanation is that there are differences in the numbers of dendritic cells entering the thymus in males and female mice at this age, since there may be a correlation between the number of dendritic cells and the number of CD4+CD8+cells (Anderson et al., 1998) . However why such an effect is transitory is difficult to envisage.
The conclusions then from this work is that age associated thymic atrophy in females is due to a problem with rearrangement of the TCR chain. This is shown by female F5 transgenic mice failing to undergo age-associated thymic atrophy, which is identical to that seen with males. Furthermore in normal non-transgenic male and female mice it is clear that the lowest point of thymic atrophy is reached by 12 months of age after which time there appear to be no sex related differences in thymic size. Before this age however, the differences seen in the thymus between normal male and female animals would suggest that there is an additional cause of atrophy in the male that permits fewer divisions between the phenotype stages of CD44-CD25-TN and CD4+CD8/. This would seem to show the greatest difference at 9 months of age. At present the most likely explanation for this is a negative feedback due to mature CD4 + T cells affecting this stage of the pathway.
The implications of this are that males of this age will show fewer TCRc3 pairings that in tum may restrict the potential repertoire in males later in life. This also implies that the female mice should have a larger potential repertoire later in life than males.
